Introduction
The relative abundance of transposable elements (TEs) in eukaryotic genomes varies considerably among species. For example, it is estimated that 3% of the S. cerevisiae genome (Kim et al. 1998 ) and 6% of the C. elegans genome (C. elegans Sequencing Consortium 1998; Kidwell 2002 ) are composed of TEs, and up to 90% of the genomes of many higher eukaryotes are composed of TEs (e.g., Drosophila, 10% to 20% [Adams et al. 2000; Hoskins et al. 2002; Kaminker et al. 2002] ; Arabidopsis, 10% [The Arabidopsis Genome Initiative 2000]; Mus, 37% [Smit 1999; Waterston et al. 2002] ; Homo sapiens, 43% ; Pinus, 90% [Flavell 1986; Pearce et al. 1996] ). For many years, TEs have been viewed as either neutral or deleterious components of genomes (e.g., Orgel and Crick 1980; Charlesworth, Sniegowski, and Stephan 1994) . According to this view, TEs located in or near genes (''gene'' as used in this paper refers to the transcriptional unit including introns and exons) are likely to be detrimental to gene function and will be removed by natural selection. Alternatively, TEs can be adaptively beneficial to genes and may contribute to adaptive evolution (e.g., McDonald 1993 McDonald , 1995 Brosius 1999; Kidwell and Lisch 2001) .
Genomic sequence analysis has proved to be a useful tool in efforts to understand the possible adaptive significance of TEs in gene and genome evolution. One group of TEs, the retrotransposons, has been studied in this regard. Retrotransposons are the most abundant group of TEs in the human genome and have a lifecycle analogous to that of infectious retroviruses (Boeke et al. 1985) . Retrotransposon sequences are transcribed by host transcription complexes, and these transcripts are reverse transcribed by element-encoded reverse transcriptase (RT). As a consequence, retrotransposons contain many cisregulatory components typical of eukaryotic genes, including promoter and enhancer sequences as well as termination and polyadenylation signals ( fig. 1 ). The effect of these regulatory sequences are not always limited to the retroelements in which they are contained but may also influence the expression of adjacent genes (e.g., Kapitonov and Jurka 1999; Mager et al. 1999; Baust et al. 2000; Llorens and Marin 2001; Medstrand, Landry, and Mager 2001; Stokstad 2001; Jordan et al. 2003) . In addition to regulatory effects, retrotransposons may also contribute to the coding regions of genes. For example, in a preliminary study of the human genome, Nekrutenko and Li (2001) discovered that about 4% of human genes have a retrotransposon component in the coding region. Thus, retrotransposons are a significant source of regulatory and coding region variation and a potentially important factor in gene evolution.
To date, whole-genome analyses of the impact of retroelement sequences on gene structure and function has been limited primarily to the human genome (e.g., Nekrutenko and Li 2001; Medstrand, van de Lagemaat, and Mager 2002; Jordan et al. 2003) . In this paper, we report the results of a comprehensive genomic study of the contribution of retrotransposon sequences to gene structure and function in the genome of the nematode C. elegans. Seventy genes are located within 1 kb of a retrotransposon sequence; that is, within regions believed to be capable of exerting cis-regulatory effects on C. elegans gene expression (McGhee and Krause 1997) . An additional 40 genes were identified with a retrotransposon within the boundaries of a gene; that is, in the exons or introns. Further, we show that the observed number of transposons within a 1000-bp to 500-bp window of genes is greater than expected by chance. Our results are consistent with the hypothesis that retrotransposons have contributed to the evolution of gene structure and function in C. elegans.
Methods

Data Collection
A flat file annotating the chromosomal position of each retrotransposon was created for use with the Wormbase Genome Browser (www.wormbase.org/db/ seq/gbrowse [Stein et al. 2002] ) using a previously defined data set of 124 LTR retrotransposons in C. elegans (Ganko, Fielman, and McDonald 2001) . Next, a 5,000-bp sequence window upstream and downstream of each retrotransposon was visually searched via the Genome Browser for the presence of the nearest predicted gene region. The distance for each association was recorded from the closest retrotransposon coordinate to the nearest open reading frame (ORF) coordinate of the associated gene. In cases where more than one gene was located within 5 kb upstream or downstream of a given retrotransposon, only the most proximal gene on either side was scored as an association. A 5-kb window size was chosen on the basis of estimates of average intergenic distances in the C. elegans genome and potential regulatory region size (C. elegans Sequencing Consortium 1998).
Information regarding the function, expression, and homologs of each gene was collected from various sources. For most genes, information on function and size was available from NCBI and Wormbase gene reports (Spring 2002 data releases). EST data were obtained through Blasts of the NCBI ''est'' database. Exon boundaries were based on reports in Wormbase and NCBI. Conserved domains were predicted with the NCBI CDD-Conserved Domain Database. C. briggsae homology data was obtained from Wormbase (WABA predictions, Kent and Zahler 2000) and directly from the Washington University C. briggsae blast server (http://genome.wustl. edu/projects/cbriggsae, Spring 2002 data). MacVector version 7.0 was used to annotate and collate gene information from all sources as well as provide graphical representations of gene/retrotransposon association regions.
Statistical Analysis
The goal of the statistical analysis was to determine whether the distribution of TEs in the genome deviates from the random expectation and, in particular, whether TEs tend to lie near genes. We test two null hypotheses: (1) the location of TEs follows a uniform distribution in the nongenic genome (the term ''nongenic genome'' refers to the nontranscriptional regions upstream and downstream of genes), and (2) the location of TEs follows a uniform distribution throughout the entire genome.
To test the first hypothesis, we define windows of length 1,000 bp upstream and downstream of each gene. This window is defined to contain only nongenic genome. The window is shortened if the distance to the next gene is less than 1,000 bp. A TE is located in the window if its nearest end to the gene is located within the window. The following discussion will be in terms of a window on the 59 end of the gene, but identical arguments apply for the 39 window.
Under the null hypothesis, the probability p that a particular TE is located in an upstream window is simply the length of nongenic genome within 1,000 bp of a 59 end divided by the total length of nongenic genome. Then, the probability that x out of N total TEs is located in upstream windows is given by the binomial distribution.
The use of the binomial distribution assumes (1) that the initial insertion point and subsequent survival of each TE is independent of other TEs and (2) that the probability of insertion in a window and subsequent survival is the same for all TEs. Since the density of TEs relative to the entire genome is low, these assumptions seem reasonable. Given the observed number x of TEs located in the window, the probability under the null hypothesis can be calculated using equation (1). The quantity p was calculated as
Where j is over all genes, G is the total nongenic genome length, and I j, jþ1 is given by I j;jþ1 ¼ distance between genes j and j þ 1 if distance ,1000 1000 otherwise
One complication arises when a TE is upstream of two different genes. Equation (2) does not consider the orientation of genes and overcounts the amount of genome within the 1,000-bp window of the 59 end. In such cases, the TE was only counted once, which is conservative. We also consider a window consisting of nongenic genome that is between 500 and 1,000 bp from the nearest 59 end. The new quantity p for this case is found by repeating the calculation in equation (2) with 500 bp instead of 1,000 bp and subtracting from the original p. For our calculations to remain conservative, a TE is not counted as being in the window if it is upstream of two genes. The calculations for the second null hypothesis (2) defined above are carried out in a similar manner, with the obvious modifications.
Results
Many Retrotransposon Sequences Are Closely Associated with Genes in C. elegans
The search for potential host gene/retrotransposon associations began with a defined data set of 124 C. elegans LTR retrotransposons (Ganko, Fielman, and McDonald 2001) . One-third (1/3) of the retrotransposons in C. elegans are gypsy-like elements (families Cer1 to Cer6). The remaining elements are members of the Bel clade of retrotransposons (families Cer7 to Cer20). On average, full-length Bel-like elements are larger than gypsy-like elements, and their fragments are more numerous in the C. elegans genome (Ganko, Fielman, and McDonald 2001) . Eighty-two Bel-like element sequences constitute 356,195 bp (83%) of the retrotransposon component of the C. elegans genome, whereas 42 gypsy-like elements constitute only 71,728 bp (17%).
The retrotransposon data set was used to create an annotation file readable by the Wormbase genome browser (Stein et al. 2002) . This file was used to visualize the location of retrotransposons, genes, and other genomic features within a given chromosomal region. Analysis of genomic sequence from a 5-kb window on either side of each retrotransposon resulted in the identification of 190 gene/retrotransposon associations (tables 1 and 2). Forty (40) retrotransposon sequences were found to be associated with a single gene, and 75 were associated with genes both upstream and downstream of the TE. Only nine retrotransposon sequences were not located within 5 kb of any gene.
Solo LTRs are the most abundant retrotransposon sequence in the C. elegans genome (Ganko, Fielman, and McDonald 2001) , and we found them to be the retrotransposon sequence most frequently associated with genes. However, there was no detectable bias for or against the location of fragments or full-length elements near genes (table 3). The chromosomal distribution of gene/ element associations is correlated with the overall distribution of retrotransposon sequences in the genome; that is, most retrotransposon sequences (Ganko, Fielman, and McDonald 2001) and most gene/element associations are located along the chromosome arms ( fig. 2) .
Most C. elegans cis-regulatory regions have been shown to extend approximately 1 kb upstream of transcriptional start sites (McGhee and Krause 1997). We find 70 instances in which a retrotransposon sequence lies within 1 kb of a gene (table 1 and fig. 3A and B). The number of retrotransposon sequences located 1 kb upstream of genes is significantly greater than expected (P , 0.025). Further examination of the 1-kb upstream window revealed that retrotransposon sequences were overrepresented within a 500-bp to 1000-bp window (P , 0.0029). This result is significant considering approximately 4% of the C. elegans genome is contained within a 500-bp to 1000-bp window of intergenic space near genes, whereas 12% of Cer elements are found within the same region.
We also investigated the strand orientation of each retrotransposon in relation to its associated gene. Sense and antisense associations were found to be equally abundant. In 97 associations, the gene and the retrotransposon sequence are both in the sense orientation, and in the remaining 93 associations, the gene and retrotransposon are in the antisense configuration. This nearly 50/50 ratio holds for all upstream and downstream Ganko, Fielman, and McDonald 2001) . Chromosomes were divided into three regions (left, centric, and right) marked by vertical hash marks. Open circles represent retrotransposons with an associated gene, and each retrotransposon located inside a gene is marked by a closed circle. Retrotransposons lacking a gene within 5 kb are marked by the symbol 3.
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associations in which the gene and element are located 4000 bp or less from one another. For the nine associations in which the gene and element are located more than 4000 bp apart, eight of the nine associations are in the sense configuration.
Associated Gene Function and Homology
Functional information for each gene associated with a retrotransposon was analyzed to confirm the validity of the genes. Several studies have addressed the quality of gene identification and prediction in C. elegans (e.g., Harrison, Echols, and Gerstein 2001; Reboul et al. 2001; Mounsey, Bauer, and Hope 2002) . The consensus conclusion of these studies is that 80% to 90% of C. elegans's predicted genes are ''real'' or functional, whereas the remainder are likely pseudogenes or false predictions. We find that 125 of the 190 genes associated with retrotransposon sequences have one or more identifiable functional domains or are members of established homolog families. In addition, about half (49%) of all retrotransposon sequences are associated with genes having medium to high identity with C. briggsae homologs as defined by Wormbase (93 C. briggsae homologs/190 total associations). Pooling these findings, we conclude that at least 172 of the 190 genes (90.5%) found to be associated with retrotransposon sequences in our study have functional or phylogenetic support.
Some Cer Elements Are Within Genes
We discovered 40 genes containing a Cer retrotransposon component, meaning a retrotransposon was identified within predicted gene boundaries (hereafter an ''internal association''). In some cases, a retrotransposon sequence lies within two genes, so 35 (of 124) retrotransposons are responsible for the 40 internal associations. Since genic regions represent approximately 52% of the C. elegans genome, this result is significantly lower than expected (chi-squared test, expect 64.5 Cer TEs, P , 4.28 ÿ8 ) if insertion sites are assumed to be random. The frequency of solo LTRs (18), fragments (nine), and full-length elements (eight) in genes is consistent with the frequency observed for all associations. As with all gene/element associations in C. elegans, sense (21) and antisense (19) associations are equally abundant. There are more than three times more Bel-like (27) than gypsy-like (eight) element sequences located within the boundaries of genes. This result contrasts with the approximately two times greater number of Bel-like element sequences present in the entire C. elegans genome. Cer9 is one Bel-like element that accounts for nearly a quarter of all internal associations (table 4) .
Thirty-five percent (14/40) of internal associations involve an element exclusively within an intron, and 23% (9/40) involve an element exclusively within an exon. Element sequences that extend into both intron and exon regions account for the remaining 43% (17/40) of internal associations. In terms of percent contribution to genes, internally-associated retrotransposons vary from 0.4% to 87.3% of the DNA of C. elegans genes (table 4). The mean contribution of retrotransposon sequences to internally associated genes (including intron and exon regions) is 23%. Eleven internally associated genes (28%) have EST support, and 18 genes (45%) show homology to C. briggsae genomic sequences.
Discussion
C. elegans is an attractive model system for the study of the contribution of TEs to genome evolution. The nematode worm has a tractable, sequenced genome (100 Mb) with an active annotation database (C. elegans Sequencing Consortium 1998; Stein et al. 2001) . Additionally, the C. elegans sister species, C. briggsae, is currently being sequenced, and the results will be available for comparative genomics in the near future. Utilizing these resources, along with a data set of C. elegans LTR retrotransposons (Ganko, Fielman, and McDonald 2001) , we have conducted a comprehensive study of the potential contribution of LTR retrotransposons to C. elegans's gene evolution.
A total of 124 Cer retrotransposon sequences (fulllength elements, fragmented elements, and solo LTRs) account for 0.4% of the C. elegans genome. Searching a 5-kb window both upstream and downstream of each Cer element sequence resulted in the identification of 190 gene-retrotransposon associations. Interestingly, 79 (63%) LTR retrotransposons map within 1 kb of a gene. Within this group, we discovered that retrotransposons are overrepresented upstream of genes, specifically in an intergenic region 1000 bp to 500 bp from genes. This is significant because most cis-regulatory sequences are believed to lie within 1 kb of the transcriptional start site of C. elegans genes (McGhee and Krause 1997). An additional 21.1% of all associations involved retrotransposon sequences located within introns, exons, or both.
Reports of TE content in humans indicate that more than 40% of the genome is composed of retroelement sequences , and an estimated 4% of human protein-coding genes have been found to contain retrotransposon sequences . Additional studies suggest that the role of retrotransposon sequences on the regulation of human gene expression may also be significant. For example, it was recently estimated that approximately 24% of identified human promoter regions contain retrotransposon sequences (Jordan et al. 2003) . Our results indicate that 190 of the 19,000 genes (1.0%) identified in the C. elegans genome (C. elegans Sequencing Consortium 1998; Reboul et al. 2001) are associated with retrotransposon sequences and that 28% (35/124) of all Cer element sequences are located within genes.
In a recent study of the distribution of retrotransposon sequences within the human genome, Medstrand et al. (2002) noted a significant decrease in the density of LTR retrotransposon sequences within 5 kb of genes. Moreover, those retrotransposon sequences located near human genes are relatively recent insertions and most often in an antisense configuration with respect to the adjacent gene. The authors interpret these results to suggest that most retrotransposon insertions proximal to human genes, and especially those in a sense configuration, are nonadaptive and selected against. In contrast to the pattern observed in humans, our results demonstrate that well over half of all retrotransposon sequences in the C. elegans genome (57.9%) are located in or within 1 kb of genes, with no bias against sense associations observed. At least two hypotheses may help account for these differences.
Protection from deletion or recombination may explain why TEs are close to genes in C. elegans. The relatively small size of the C. elegans genome has been attributable, in part, to a significantly higher rate of deletion than humans and other animals (Kent and Zahler 2000; Robertson 2000) . In addition, C. elegans is estimated to have up to a 1440-fold higher rate of genome rearrangement than humans and other mammals (Coghlan and Wolfe 2002) . Recombination breakpoints in C. elegans are typically associated with repetitive sequences, including retrotransposon sequences (Coghlan and Wolfe 2002) . Deletion or recombination events involving retrotransposon sequences in or near genes may have an adverse effect and thus be selected against. Such a scenario might help explain the clustering of retrotransposon sequences that are not otherwise deleterious in or around genes.
Another possible explanation of the abundance of retrotransposon sequences in or near C. elegans genes is that they are of adaptive benefit. Indeed, there is a growing body of evidence from a number of systems (Makalowski 2000; Medstrand, Landry, and Mager 2001; Nigumann et al. 2002 ) that retrotransposon sequences have contributed to adaptive changes in gene structure and regulation.
The central regions of C. elegans chromosomes are the general location of ''housekeeping'' genes and other essential genes displaying homology to genes even in distantly related species (C. elegans Sequencing Consortium 1998). In contrast, many nematode-specific genes are located along the chromosomal arms. Interestingly, C. elegans transposons and other repeats also tend to cluster on the chromosomal arms (Surzycki and Belknap 2000; Ganko, Fielman, and McDonald 2001) . The chromosomal arms of C. elegans are regions of high insertional polymorphism, duplications, and intrachromosomal rearrangements (C. elegans Sequencing Consortium 1998). Insertions, duplications, chromosome rearrangements, and TEs may all have a role in the evolution of novel genes NoTE.
-TE/exon % is a function of the number of TE nucleotides within predicted exon boundaries 4 total number of nucleotides within the exons of a given gene. TE/intron % substitutes the values for intron boundaries. TE/gene % combines the exon and intron calculations. (Long 2001; Betrán and Long 2002) . For these reasons, regions of the chromosomal arms of C. elegans might be viewed as an ''evolutionary laboratory'' where new genes are created and tested by natural selection. Low mobility species such as C. elegans may require a diverse group of specialized genes to successfully exploit their environment (Hodgkin 2001) , and an ability to rapidly evolve new genes or new regulatory structures may be particularly important to these organisms. The fact that nearly all of the C. elegans genes that we have found to be in close association with retrotransposon sequences are located in the chromosome arms suggests that retrotransposon sequences may play a role in the evolution of new nematode genes. It will be interesting to determine if newly evolved genes in other species, including humans, show a preference for close association with retrotransposon sequences.
Supplementary Material
Please see the laboratory Web site (http://www. genetics.uga.edu/retrolab/data.html) and the journal's Web site for the table of associations with retrotransposon name and associated gene ID and the representative Cer family sequences.
